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Histidine on the N-terminus of Alamethicin Yields Channels
with Extraordinarily Long LifetimesDaisuke Noshiro, Koji Asami,* and Shiroh Futaki*
Institute for Chemical Research, Kyoto University, Kyoto, JapanABSTRACT Alamethicin, a member of the peptaibol family of antibiotics, is a typical channel-forming peptide with a helical
structure. The self-assembly of the peptide in the membranes yields voltage-dependent channels. In this study, three alamethicin
analogs possessing a charged residue (His, Lys, or Glu) on their N-termini were designed with the expectation of stabilizing the
transmembrane structure. A slight elongation of channel lifetime was observed for the Lys and Glu analogs. On the other hand,
extensive stabilization of certain channel open states was observed for the His analog. This stabilization was predominantly
observed in the presence of metal ions such as Zn2þ, suggesting that metal coordination with His facilitates the formation of
a supramolecular assembly in the membranes. Channel stability was greatly diminished by acetylation of the N-terminal amino
group, indicating that the N-terminal amino group also plays an important role in metal coordination.INTRODUCTIONDesigning peptide-based ion channels is a useful approach
for understanding the functional bases of channel proteins
and creating novel sensing devices (1–5). In this context,
two peptide antibiotics, alamethicin (ALM) and gramicidin
A, have been extensively studied as typical channel-forming
peptides and as prototypes for artificial ion channels (6–19).
ALM, an amphipathic a-helical peptide from the fungus
Trichoderma viride, is known to self-assemble to form ion
channels in lipid bilayer membranes in a voltage-dependent
manner (20–25). Channel formation is understood in terms
of the barrel-stave or helix-bundle model, in which channels
are formed by three to 12 helical monomers to yield parallel
bundles surrounding a central aqueous pore. Because certain
classes of biological ion channels, including the nicotinic
acetylcholine receptor (nAChR), have parallel bundles of
amphipathic a-helices around the channel pores (26), ALM
has been studied as a simplified model of such channel
proteins and has been employed as an appropriate framework
for creating artificial ion channels. For example, in a previous
work, we synthesized biotin-tagged ALM molecules and
showed that the channel currents were modulated by the
interactions of streptavidin and antibiotin antibody with bio-
tin (6). Using the same concept, Mayer et al. (7) employed
sulfonamide-tagged ALM to quantify the interaction with
carbonic anhydrase II. Alternatively, we designed ALM with
an extramembrane segment (i.e., a leucine zipper segment
with a pair of the diiminoacetic acid derivatives of lysine)
whose conformation can be changed by metal ions, and
demonstrated that the channel functions as a metal-sensitive,
ligand-gated channel (8).Submitted July 29, 2009, and accepted for publication January 4, 2010.
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0006-3495/10/05/1801/8 $2.00Voltage-dependent gating and frequent fluctuation of
several current levels have been reported as characteristics
of ALM channels (20–25). The former behavior can be
understood in terms of a helix dipole interaction of ALM
with the membrane electric field that leads to insertion of
the N-terminus into membranes. The decrease in membrane
potential would destabilize the membrane insertion states of
ALM molecules and the eventual peptide assembly in the
membrane. On the other hand, many natural membrane
proteins have hydrophilic regions exposed to the aqueous
environment on either side of the membrane (27,28), which
would stabilize the membrane insertion states of the hydro-
phobic transmembrane region. Therefore, disposition of
charged amino acids on both sides of ALM would also
lead to the stabilization of its insertion states and assembly
in the membranes. ALM (Rf30) has a negatively charged
Glu at position 18, and this Glu has been reported to prevent
the membrane insertion of the C-terminus (20,21). These
facts also suggest the possibility that the disposition of
charged residues on both termini of ALM will prevent its
detachment from the membranes once the channels have
formed, thereby leading to elongation of the channel life-
times. The frequent fluctuation of several current levels is
another characteristic of ALM channels, and this can be
explained by spontaneous uptake and release of ALM mole-
cules into and from the channel assembly. Considering that
the release of ALM molecules from the channel assembly
can be caused by its release from the membrane, stabilization
of the membrane insertion states of ALM may also affect the
modes of ALM channel current fluctuation. In addition,
although there have been several reports about the effect of
C-terminal modification of ALM and related peptides on
the channel characteristics (29,30), little is known about
the effect of the N-terminal modification.doi: 10.1016/j.bpj.2010.01.028
1802 Noshiro et al.In this study, we designed three ALM analogs that possess
a charged residue (His, Lys, or Glu) at the N-terminus via a
flexible Gly spacer to assess the effect of charges at the
N-terminus on the stabilization of ALM assemblies in the
membranes. A slight elongation of channel lifetime was
observed for the Lys and Glu analogs. In contrast to the
Lys and Glu analogs, the His analog formed channels of
unexpectedly long lifetimes with particular conductance
states. This stabilization was predominantly observed in
the presence of metal ions such as Zn2þ. We discuss the
Zn2þ-induced channel stability, as well as the feasibility of
a metal ion sensor with the His analog, in detail.MATERIALS AND METHODS
Peptide synthesis
ALM (Rf30) and its N-terminally linked dimer, di-ALM, were prepared as
described previously (31). NH2-HG-ALM, Ac-HG-ALM, NH2-EG-ALM,
and NH2-KG-ALM (see Fig. 1 A) were synthesized by the Fmoc solid-
phase method on Rink amide resin. To assemble sterically hindered a-ami-
noisobutyric acid (Aib) and amino acids next to Aib, we employed their
Fmoc-amino acid fluorides, which we prepared from the corresponding
Fmoc-amino acids using (diethylamino)sulfur trifluoride (32). We assem-
bled other amino acids using the diisopropylcarbodiimide-1-hydroxybenzo-
triazole coupling system. N-terminal acetylation of Ac-HG-ALM was
conducted after peptide chain construction by the Fmoc solid-phase method,
using acetic anhydride and N-methylmorpholine (10 equiv. each) in dime-
thylformamide at room temperature. The final deprotection of the peptides
and detachment from the resin were conducted by treatment with trifluoro-
acetic acid-ethanedithiol (95:5) at 20C for 3 h. Reverse-phase high-perfor-
mance liquid chromatography purification of the deprotected peptides on
a Cosmosil 5C4-AR-300 column (Nakalai Tesque, Kyoto, Japan) yielded
the desired peptides (yield from starting resin: NH2-HG-ALM, 48%;
Ac-HG-ALM: 20%; NH2-KG-ALM, 46%; NH2-EG-ALM, 39%). TheALM (Rf30):
NH2-HG-ALM:
NH2-KG-ALM:
NH2-EG-ALM:
           Ac-UPUAUAQUVUGLUPVUUEQ-Pheol
  NH2-HGUPUAUAQUVUGLUPVUUEQF-amide
  NH2-KGUPUAUAQUVUGLUPVUUEQF-amide
  NH2-EGUPUAUAQUVUGLUPVUUEQF-amide
A
B
FIGURE 1 (A) Design of ALM analogs with a charged amino acid on
their N-termini. Abbreviations: U, Aib; Pheol, phenylalaninol; Ac, acetyl;
NH2, free amino terminus. (B) Schematic representation of channel forma-
tion of the N-terminally modified analogs in the membrane.
Biophysical Journal 98(9) 1801–1808purity of each peptide was estimated to be at least more than 96% from
analytical high-performance liquid chromatography (see Fig. S1 in the Sup-
porting Material). The structures of the products were confirmed by matrix-
assisted laser desorption/ionization time-of-flight mass spectrometry using
a Voyager STR spectrometer (Applied Biosystems, Foster City, CA) as
follows: 2130.4 [calcd for (M þ H)þ 2130.5] for NH2-HG-ALM; 2173.1
[calcd for (M þ H)þ 2172.5] for Ac-HG-ALM; 2121.7 [calcd for (M þ
H)þ 2121.5] for NH2-KG-ALM; and 2122.4 [calcd for (M þ H)þ 2122.4]
for NH2-EG-ALM.
Channel activity measurements
Planar lipid bilayers were formed from diphytanoylphosphatidylcholine in
1 M KCl containing 10 mM HEPES by the monolayer-folding method (33).
A small quantity of the peptide in methanol or ethanol (usually 1–10 mL)
was added to the electrolyte solutions (1 mL) on one side of the membrane
(designated as the cis side) to obtain each final concentration. A pair of
Ag-AgCl electrodes was used for current measurement and voltage supply.
The cis- and trans-side electrodes were connected to a DC voltage source
and to the virtual ground of an in-house-made current amplifier, respec-
tively. The output voltages of the current amplifier were recorded with
a DR-F2a digital recorder (TEAC, Tokyo, Japan) with a cutoff frequency
of ~1 kHz.
The channels of the ALM analogs were first formed by applying voltages
of 250–300 mV before the respective channel records were obtained at
a given voltage (40–160 mV). For the channel recordings of NH2-HG-
ALM, 50 mM EDTA and 50 mM ZnCl2 were added to both the cis and trans
sides to obtain each final concentration. All measurements were done at
room temperature (~24C).
The mean channel lifetimes of the ALM and ALM analogs (Fig. S2) were
determined for the major conductance levels of the respective peptides by
fitting a single exponential decay function to the duration histograms
(34,35). Because NH2-HG-ALM yielded channels of much longer duration
than other peptides, open events up to 5000 ms were analyzed with the data
sampled at 200 Hz. For other peptide channels, data were sampled at 2 kHz.
The current-voltage (I-V) relations of the single channels of NH2-HG-
ALM in the presence of Zn2þ (Fig. S3) were measured during the level 40
or level 60 opening by applying voltage ramps (sweep rate: 9.0 mV/s). Slope
conductance (dI/dV) was obtained by fitting polynomial functions to the
measured I-V relations before differentiating the result (36). The I-V relations
were well represented by a quadratic function, giving the linear relationship
between the slope conductance and voltage.
The mean channel current (see Fig. 6 B) was calculated as follows: 1), the
mean channel current was calculated from the value of the respective
channel current recordings for 1 s (8); and 2), the averages and standard
deviations for a mean channel current of 30 s were obtained.RESULTS AND DISCUSSION
Design and preparation of the channel peptides
The structure of the channel peptides used in this study is
shown in Fig. 1 A. ALM (Rf30) has a unique structure and
its sequence is rich in Aib, an unusual amino acid. The
C-terminal residue of ALM is phenylalaninol, and the
N-terminus is acetylated. We designed three ALM analogs
with a charged amino acid at the N-termini. Glu (bearing
carboxylate), Lys (bearing an amino moiety), and His
(bearing imidazole) were selected as the charged amino
acids. An additional Gly was inserted before the N-terminal
charged the amino acid, to allow flexibility. This addition is
also favorable for retaining the N-terminus outside of the
membrane when the peptide helix spans the membrane.
0.2 s
200 pA
0.2 s
200 pA
0
0.5
1
0 2 4 6 8 10 12
0
0.5
1
0 2 4 6 8 10 12
Closed
R
el
at
iv
e 
fre
qu
en
cy
0
0.5
1
0 2 4 6 8 10 12
Closed
Closed
R
el
at
iv
e 
fre
qu
en
cy
R
el
at
iv
e 
fre
qu
en
cy
R
el
at
iv
e 
fre
qu
en
cy
Conductance / nS
2 s
200 pA
0
0.5
1
0 2 4 6 8 10 12Closed
A
B
C
D
1
2
3
4
5
6
7
Level
1
2
3
4
5
6
7
4’
5’
6’
7’
8’
4’
5’
6’
7’ 8’
30 ms
200 pA
FIGURE 2 Typical channel current
records of ALM (A), NH2-HG-ALM
(B), NH2-KG-ALM (C), and NH2-EG-
ALM (D). Note that a different time-
scale was employed for each channel
record. The conductance histograms
are shown to the right of the respective
records. Voltage: 120 mV; electrolyte:
1 M KCl containing 10 mM HEPES
(pH 7.0); peptide concentration: 20 nM.
The conductance levels of ALM (A) are
numbered from 1 to 7 in the order of
increasing conductance, and those of
NH2-HG-ALM (B) are analogously
allotted to levels 40–80.
Metal-Assisted Channel Stabilization 1803The N-terminal amino groups were left unacetylated to
increase the hydrophilicity of the N-termini. The charged
N-terminus and the charged side chain are expected to
contribute to the increase in channel lifetime by preventing
the N-terminus from going back to the other side of the
membrane once channels have formed (Fig. 1 B). For easy
synthesis, the C-terminal residues of the analogs were
changed from phenylalaninol to phenylalanine amide. This
substitution was confirmed to have no significant effects
on channel conductance or lifetime (29).Properties of the channels formed
by the ALM analogs
The channel currents of ALM and its analogs were measured
by the planar lipid bilayer method, which has a high sensi-
tivity equivalent to that of the patch-clamp method, to allow
single-channel recording (33). When ALM was added to one
side (the cis side) of the membrane, multiple conductancelevels (open states) were observed at cis-positive voltages.
Fig. 2 A shows typical single-channel current records of
ALM and the channel conductance histogram. The channel
conductance is defined as the membrane current divided by
the applied voltage. The conductance levels of ALM were
consecutively numbered from 1 to 7. This behavior suggests
the existence of open states of various pore sizes with dif-
ferent association numbers in the lipid bilayer (37). The fre-
quent transition between the current levels is considered to
reflect the uptake and release of ALM molecules into and
from the channel assembly (38). No significant channel
current was observed at negative voltages, which suggests
that ALM helices were inserted into the membrane from
one side (namely, the N-terminal side), driven by the helix
dipole (21).
Fig. 2, B–D, shows typical single-channel current records
of the designed ALM analogs. In similarity to ALM, these
peptides formed channels only at cis-positive voltages,
which suggests that disposition of the polar amino acids atBiophysical Journal 98(9) 1801–1808
1804 Noshiro et al.their N-termini did not abolish the channel-forming abilities
of ALM by the insertion of the N-terminus into the mem-
branes. However, the ALM analogs required higher voltages
(250–300 mV) for channel activation compared to ALM
(100–150 mV) at the same peptide concentration (20 nM).
Once the ALM analog channels had formed, channel
currents were still observed at lower voltages than the activa-
tion voltage. This suggests that insertion of the peptides
into the membranes becomes difficult with their charged
N-termini, but the inserted structure of the peptides is stabi-
lized to maintain channels once the N-termini have translo-
cated through the membranes to the surface of the other
side of the peptide addition (trans side).
The mean lifetime of channel opening was estimated for
the major conductance level of each peptide (e.g., level 4
for ALM) by fitting a single exponential decay function to
the duration histograms (Fig. S2 A). The NH2-KG-ALM
and NH2-EG-ALM channels yielded three- to four-fold
longer durations of the major conductance level (8.12 5
0.16 ms and 10.35 5 0.27 ms, respectively) compared to
the ALM channels (2.53 5 0.08 ms). With marked differ-
ences from these analogs, NH2-HG-ALM formed channels
with extremely long lifetimes of the particular conductance
levels (Fig. 2 B). The distribution of the conductance states
of NH2-HG-ALM differed considerably from those of
ALM, NH2-KG-ALM, and NH2-EG-ALM. In contrast to
the latter three peptides, which yielded bell-shaped curves
for the frequency of occurrence in the conductance histo-
grams, NH2-HG-ALM predominantly yielded two open
states with conductances of 3.6 and 6.9 nS (designated as
level 40 and level 60, respectively) at 120 mV. The mean
channel lifetime of the open-state level 60 of NH2-HG-
ALM estimated from the duration histogram was 316 5
32 ms, >100 times that for level 4 of the ALM channel.
The value of the deviation was relatively large because
the duration histogram could not be well fitted by a single
exponential decay function due to the wide range of the
data plots from 5 ms to 5000 ms (Fig. S2 A). If these unique
features of NH2-HG-ALM channels were due only to the
N-terminal charges, NH2-KG-ALM and NH2-EG-ALM
should have shown similar properties. This suggests that
there is a special stabilization mechanism for the NH2-HG-
ALM channels.
Histidine contains an imidazole moiety and plays impor-
tant roles in metal binding in various peptides and proteins
(39–42). Hence, it may be possible that N-terminal histidine0
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Biophysical Journal 98(9) 1801–1808residues aligned in close proximity on the membrane surface
interact with some metals to stabilize the channel assembly.
A trace amount of metals in the aqueous solution may be
sufficient to achieve this stabilization, because a very low
amount of the peptide (20 nM) was employed for the channel
current measurement. In the following subsections, we
examine the possibility of metal-assisted channel assemblies
of NH2-HG-ALM and discuss the association states.Stabilization of the NH2-HG-ALM channel
assembly by metal ions
To examine the necessity of metal ions for stabilization of
the NH2-HG-ALM assembly, we removed metal ions from
the electrolyte solution by adding EDTA (Fig. 3). In the pres-
ence of 100 mM EDTA, the channel currents showed fre-
quent fluctuations similar to those of NH2-KG-ALM and
NH2-EG-ALM, and no significant stabilization of particular
conductance levels was observed. From the duration histo-
gram, the mean lifetime of the major open state was esti-
mated to be 10.73 5 0.43 ms, a value close to those of the
other ALM analogs (Fig. S2 B).
The successive addition of ZnCl2 (final concentration:
200 mM) reproduced the channel open states observed before
the addition of EDTA (Figs. 2 B and 4), revealing that the
NH2-HG-ALM channels were stabilized by metal ion con-
taminants such as Zn2þ. The stabilization of particular con-
ductance levels in the presence of ZnCl2 depended on the
applied voltage (Fig. 4). At 160 mV, both level 60 (most
prominently observed in Fig. 2 B) and level 80 were obtained
as major conductance levels. The duration of the respective
conductance levels often exceeded 1 s, which is markedly
longer than that in the absence of metals (Fig. 3). When
the voltage was reduced, lower conductance levels became
more prominent. At 120 mV, level 60 was predominantly
observed, whereas at 40 mV, level 40 was more frequently
observed than level 60. Of interest, the even-numbered con-
ductance levels (e.g., levels 80, 60, and 40) were much more
prominently observed than the odd-numbered ones through-
out these experiments. The conductance of the respective
open levels became slightly smaller when the voltages were
decreased, in a manner reminiscent of the nonlinear current-
voltage (I-V) relationships (rectification) of the ALM channel
(31,33,36). This was confirmed by applying voltage ramps
and analyzing the current of levels 40 and 60 (Fig. S3 A).
The measured I-V relations were well fitted by a quadratic7 8 9 10
S
FIGURE 3 A typical channel current record of NH2-HG-
ALM in the presence of 100 mM EDTA and the conduc-
tance histogram. Voltage: 120 mV; electrolyte: 1 M KCl
containing 10 mM HEPES (pH 7.0); peptide concentration:
20 nM.
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FIGURE 4 Channel current records
of NH2-HG-ALM in the presence of
100 mM EDTA and 200 mM ZnCl2,
and the conductance histograms. Elec-
trolyte: 1 M KCl containing 10 mM
HEPES (pH 7.0); peptide concentration:
20 nM.
Metal-Assisted Channel Stabilization 1805function. The slope conductances (dI/dV) were then obtained
by differentiating the quadratic function. The relationship
between the slope conductance and voltage was expressed
as a linear function (Fig. S3 B).
A similar stabilization effect was observed with Ni2þ
(Fig. S4) and Co2þ, but not with Mg2þ and Ca2þ (data not
shown). On the other hand, no significant difference was
observed for the ALM channel current in the presence of
these metal ions (Fig. S5), which suggests that the above
stabilization is due to the interaction of the metal ions with
the N-terminal His residue.
Association states of NH2-HG-ALM
We next studied the association state of NH2-HG-ALM in
detail. Okazaki and co-workers (31) previously reported
that an N-terminally cross-linked ALM dimer (di-ALM;
Fig. 5 A) formed channels with stabilization of the particular
conductance states of the ALM monomer. A similar effectwas observed in a study using the C-terminally-tethered
ALM dimer (43). These stabilized states are attributed to
the assemblies of even numbers of ALM molecules. The
alternate stabilization of conductance levels observed for
the ALM dimers was very similar to those for NH2-HG-
ALM. Hence, the conductance levels of NH2-HG-ALM
were compared with those of di-ALM and ALM, as shown
in Fig. 5 B. The conductance levels of NH2-HG-ALM corre-
sponded well to those of di-ALM and ALM, and it is clear
that the even-numbered conductance levels were predomi-
nantly stabilized for NH2-HG-ALM channels. The di-ALM
yielded channels with major conductance levels of 2 and 4,
whereas NH2-HG-ALM provided levels 4
0, 60, and 80.
Because levels 2 and 4 were estimated to correspond to the
6- and 8-mer assemblies of ALM molecules, respectively
(31), it is plausible that the NH2-HG-ALM preferentially
stabilized the 8-, 10-, and 12-mer assembly in the presence
of metals.Biophysical Journal 98(9) 1801–1808
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FIGURE 5 (A) Structure of N-terminally linked ALM by a disulfide bond
(di-ALM). (B) Conductance histograms calculated from channel current
records of ALM (black), di-ALM (red), and NH2-HG-ALM (blue) in the
presence of 100 mM EDTA and 200 mM ZnCl2, respectively. Voltage:
120 mV; electrolyte: 1 M KCl containing 10 mM HEPES (pH 7.0).
1806 Noshiro et al.Importance of the imidazole moiety and the
N-terminal amino group for metal coordination
The stabilization of the NH2-HG-ALM channel assembly is
expected to be associated with the metal coordination with
the histidine residue. The protonation of the histidyl imid-
azole may inhibit the formation of the metal coordination.
Hence, channel current recordings were carried out at acidicҳ
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Biophysical Journal 98(9) 1801–1808pH, where the imidazole moiety of histidine (pKa 6.0)
becomes protonated. Fig. S6 shows the channel current of
NH2-HG-ALM recorded in the presence of Zn
2þ at pH 4.8.
As expected, we observed no metal-assisted stabilization of
particular conductance levels.
Because histidine is placed on the N-terminus in the NH2-
HG-ALM peptide, it is plausible that the N-terminal amino
group is also involved in the metal coordination (44). Thus,
to examine the role of the amino group, we synthesized
an N-terminally acetylated derivative of NH2-HG-ALM,
namely, Ac-HG-ALM. Fig. S7 shows typical single-channel
current recordings of Ac-HG-ALM. The channel current of
Ac-HG-ALM in the presence of 100 mM EDTA showed
several different conductance levels, which were very similar
to those of NH2-HG-ALM in the absence of metal ions.
In contrast to NH2-HG-ALM, noisy currents were observed
with the addition of 200 mM Zn2þ, and stabilization of par-
ticular conductance levels was not very significant. This
noise was eliminated by the successive addition of 400 mM
EDTA. These results suggest that the unprotonated imid-
azole moiety and the free N-terminal amino group both
play crucial roles in metal-assisted assembly stabilization.Reversible metal switch of the assembly states
There was a significant difference in the conductance levels
and lifetimes of the NH2-HG-ALM channels in the absence
and presence of metal ions (Figs. 3 and 4). This suggests the
potential feasibility of a metal ion sensor with NH2-HG-
ALM, as exemplified in Fig. 6 A. In the presence of Zn2þ
(150 mM), NH2-HG-ALM predominantly formed channels
corresponding to open levels 40 and 60 at 80 mV, whereas
a reduction of channel current was observed with the addi-
tion of 300 mM EDTA. The sequential addition of 400 mM
Zn2þ and 600 mM EDTA yielded an increase and a decrease2 s
200 pA
ҳ
EDTA
Closed
)
     Ȁ(iv)
FIGURE 6 (A) Channel current
records of NH2-HG-ALM in the pres-
ence of (i) 100 mM EDTA and 150 mM
ZnCl2, and after the addition of (ii)
300 mM EDTA, (iii) 400 mM ZnCl2,
and (iv) 600 mM EDTA. Voltage:
80 mV; electrolyte: 1 M KCl containing
10 mM HEPES (pH 7.0); peptide
concentration: 20 nM. (B) Mean chan-
nel current and the standard deviations
calculated from the recordings for 30 s.
Metal-Assisted Channel Stabilization 1807in channel currents. The mean channel current and the stan-
dard deviations for states i–iv were calculated to be 365.35
97.3, 102.8 5 51.2, 363.9 5 111.3, and 76.1 5 33.4 pA,
respectively (Fig. 6 B). This result indicates the feasibility of
reversible metal switching of the NH2-HG-ALM assembly
and the channel current.CONCLUSIONS
In this study, we designed ALM analogs with a charged amino
acid at their N-termini and a free N-terminal amino group.
In similarity to ALM, these analogs formed ion channels at
cis-positive voltages. The estimated open channel lifetimes
of the major conductance levels induced by NH2-KG-ALM
and NH2-EG-ALM were ~34 times that of ALM, indicating
that the charged N-termini stabilized the inserted structure of
the peptides in the membranes. Unexpectedly, NH2-HG-
ALM had extremely long channel lifetimes of particular
conductance levels. By comparison with the channel conduc-
tance of an N-terminally tethered ALM dimer, the results
suggest that the interaction between histidines and metals
stabilized the assembly states of even numbers of ALM, espe-
cially those of 8-, 10-, or 12-mer assemblies. The importance
of a deprotonated imidazolic nitrogen and an N-terminal
amino group in the metal-assisted assembly stabilization
was also suggested. In addition, the switchability of the
NH2-HG-ALM channel assembly and its current by the addi-
tion and removal of Zn2þ was exemplified.
In this report, we have shown that the disposition of
a single histidine at the N-terminus yielded a marked stabili-
zation effect on the ALM assembly in the membranes and the
eventual channel current levels. It has been reported that
complexation with zinc ions inhibits GABAA receptors
(members of the Cys-loop superfamily of ligand-gated ion
channels) by an allosteric mechanism, but not by blocking
the pore (45,46). However, the methods of metal chelation
in GABAA receptors would be different from that of the
NH2-HG-ALM channel (46). Recently, various promising
approaches have been introduced as sensing systems based
on channel-forming proteins and peptides (3,47,48), and
many of these methods employ systems to detect channel
current alteration on the passage of analytes through the
channel pores for sensing. Therefore, it would be useful to
develop a means of producing stable channel pores with
different sizes or, more preferably, desired sizes with favor-
able inner modifications to further extend the applications of
channel-based sensing and analyzing systems. In addition,
the functions of membrane proteins, including cell-surface
receptors, are often controlled by their association states.
For example, the epidermal growth factor receptor transmits
signals across the plasma membrane upon ligand binding
through dimerization (49,50). Therefore, novel methods for
controlling the assembly of membrane proteins would also
have impact on efforts to elucidate and artificially control
the biological functions of such proteins.The methods of assembly modification we demonstrated
in this study with the NH2-HG-ALM peptide are rather prim-
itive and require further elaboration. However, although the
unique concept of assembly modulation shown in this study
is simple, it may potentially be applicable to other systems.
It is our hope that the results obtained here will contribute
to the future design and development of novel membrane-
associating molecules and sensing devices.SUPPORTING MATERIAL
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